
Hadron Physics 
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n  Qualitatively, explain novel 
phenomena  
¨  New dynamics  

n  Quantitatively, describe the 
exp. data 
¨  New structure à 

predicting new exp. 
n  Precision, learn the 

fundamental properties 
¨  QCD factorization, 

next-to-leading order 
corrections, all order 
resummations 



Proton Spin 
n Fundamental property 

¨ Jaffe-Manohar 
¨ Ji-sum rule 

n Emerging phenomena 
¨ Parity violating, electro-weak interaction, SM 
¨ (naïve) time-reversal odd Single transverse 

spin asymmetries 
¨ Under extreme conditions: small and large x 
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Parton’s orbital motion through 
the Wigner Distributions 
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Phase space distribution: 
    Projection onto p (x) to get the 
    momentum (probability) density 
 
Quark orbital angular  
momentum 

Gauge link directions à different OAMs (JM or Ji)  
Ji, Xiong, Yuan, PRL, 2012; PRD, 2013 

Lorce, Pasquini, Xiong, Yuan, PRD, 2012 
Lorce-Pasquini 2011 

Hatta 2011 



Orbital Angular Momentum (OAM)  
of an electron 

n  Interesting to find out, up to one-loop 
OAMJaffe-Manohar=OAMJi 

¨ dimension regulation and Pauli-Villars 
regulation with light-cone wave functions 

n  likely will change at higher order in QED 
and QCD 
¨ Jaffe-Manohar and Ji sum rules are consistent  

with each other 
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Ji-Schafer-Yuan-Zhang-Zhao, PRD2016 

(earlier works by Burkardt-BC 2009, 
Liu-Ma 2015) 



q Wigner distributions (Belitsky, Ji, Yuan) 

Grand Jewels of Hadron Physics 
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q Wigner distributions (Belitsky, Ji, Yuan) 

Grand Jewels of Hadron Physics 

Dipole scattering 
amplitudes 

Small-x 

Hatta-Xiao-Yuan, PRL 2016 
earlier: Mueller, NPB 1999 

Introduction to TMDs and Saturation Physics

Probing 3D Tomography of Proton at small-x

Diffractive back-to-back dijet productions:

�q? � �?
2q? � �?

2

p p0

k1

k2

Measure final state proton recoil �? as well as dijet momentum k1? and k2?.
We can obtain xGDP(x, q?,�?) directly since q? ' P? ⌘ 1

2 (k2? � k1?).
By measuring hcos 2 (�

P? � ��?)i, we can learn more about the low-x dynamics.
WW Wigner (WWW) distribution can be also defined and measured.
Linearly polarized Wigner distribution, etc. This is only the beginning.
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Hunting the gluon OAM 
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Scale dependence of Transverse 
momentum distributions (TMDs) 

Grosse-Perdekamp, Yuan, Ann. Rev. 2015 
Prokudin, Sun, Yuan, 2015 7 



Transverse spin asymmetries:  
QCD evolution plays crucial role 

§  First analysis for both polarized and unpolarized 
cross sections with consistent evolution effects for 
DIS and Drell-Yan processes 
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FIG. 3: Predictions for the Sivers single spin asymmetries of Drell-Yan lepton pair production at
RHIC,

⇥
S = 200GeV, as functions of rapidity for two di�erent mass ranges. As a comparison, we

also show the prediction without the evolution e�ects for Q = 4GeV case as dotted line.
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FIG. 4: The Collins asymmetries in di-hadron azimuthal angular distributions in e+e� annihila-
tion processes: fit to the BELLE experiment at

⇥
S = 10.6GeV Ref. [8], and predictions for the

experiment at BEPC at
⇥
S = 4.6GeV.

Having constrained quark Sivers functions from HERMES/COMPASS experiments, we
will be able to make predictions for the SSAs in the Drell-Yan processes with the evolution
e�ects. In Fig. 3, we show that for RHIC experiment at

⇥
S = 200GeV, as function of rapid-

ity with P⇥ integrated up to 2GeV. We have flipped the sign for the quark Sivers function
because of the nontrivial universality property for the Sivers function. For comparison, we
have also plotted the prediction without the evolution e�ects by setting SSud = 0 in Eq. (3).
From this, we see that the evolution reduces the asymmetry by about a factor of 2. This
contradicts with the results in Ref [17], where an order of magnitude reduction was indicated
for the typical Drell-Yan experiments.

We have done a number of cross checks for the above evolution e�ects. First, we can tune
the parameter in the calculations of Ref. [17] to reproduce the P⇥ spectrum of the Drell-Yan
data, which leads to a much smaller g2 = 0.09. With that change, we can describe both
SIDIS and Drell-Yan data in Fig. 1, and the predicted SSA would be in the similar range
as ours in Fig. 3. Second, we determine the transverse momentum moment of the quark
Sivers function (Qiu-Sterman matrix element) from the fit in Fig. 2, and calculate the SSA
in Drell-Yan process by using the resummation formula in Ref. [18], neglecting the scale
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QCD evolution 

DIS, Q2~4GeV2 RHIC, Ec.m.=200GeV 

w/o evo. 

Sun, Yuan, PRD 2013 

Drell-Yan DIS with evo. 
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Transversity and Nucleon Tensor Charge 

Kang-Prokudin-Sun-Yuan, PRD 2015; 
Ye, et al, 1609.02449 

n  First comprehensive analysis with TMD evolution at next-
to-leading logarithm 

n  Consistent treatment of both unpolarized and polarized 
cross sections 

9 



Applications in Jet Productions (or 
with Higgs) at Colliders 
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n  Sun, C.P. Yuan, F. Yuan, PRL14, PRD15, PRL15, PLB16 
¨  Fixed order pQCD divergent at back-to-back  
¨  All order Sudakov resummation for the colored final states 
¨  Next-to-leading logarithm depends on jet size (R) 

D0 



New and direct way to measure qhat 
n Dijet azimuthal angular correlation in 

heavy ion collisions 

11 

Mueller-Wu-Xiao-Yuan,  
1604.04250;1608.07339   

Ø Phenomenological relevance at RHIC/LHC 
Ø Different physics are well separated 

PT
jet=35GeV PT

jet=120GeV 



Theory Advances: TMD and  
Medium-induced radiations 

n  Medium PT broadening (qhat) vs Sudakov (TMD)  
¨  Mueller-Wu-Xiao-Yuan, 1604.04250;1608.07339  

n  BFKL (BK) vs Sudakov (TMD)  
¨  Mueller-Xiao-Yuan, PRL 2013, PRD 2013 
¨  Mueller-Szymanowski-Wallon-Xiao-Yuan, JHEP2016  
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Looking Forward 
LDRD support for EIC theory (Gyulassy, 
Wang, Yuan, postdoc) 

q Identify processes in Deep Inelastic Scattering 
(diffractive DIS) to probe the gluon 
tomography and Orbital Angular Momentum 
at the EIC 
q Perform simulations to see the sensitivity to 

constrain the gluon OAM 
q Study the QCD factorization property for 

hadron/Jet production in DIS of eA/ep  
q Solid foundation for the physical observables and 

compare to Heavy Ion Collisions 
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Goal:	  EIC-‐White	  Paper	  in	  2020?	  
n  EIC	  is	  going	  to	  solve	  the	  proton	  spin	  puzzle	  

n  Jet	  quenching	  in	  cold	  nuclei	  maAer	  

L g 

EIC 
Scale (Q,x) 

q h
at

 

Lq 

Lg
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Back-up 
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Single Transverse Spin Asymmetries (TMD 
Observables) 
n Nontrivial prediction from QCD:                    

Initial state vs. final state interactions 

γ* γ* 

Drell-Yan DIS 

Brodsky,Hwang,Schmidt 02 
Collins, 02; 
Ji,Yuan,02; 
Belitsky,Ji,Yuan,02 SSAs have been observed in DIS: Q2~3GeV2 

Drell-Yan: Q2~20GeV2 



Achieve precision for small-x physics 

n  Match to the collinear calculations 
¨  Stasto-Xiao-Yuan-Zaslavsky PRD 2014 

n  Implement kinematic constraints 
¨  Watanabe-Xiao-Yuan-Zaslavsky PRD 2015 
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Forward hadron production in pA collisions at RHIC and LHC 
(based on the first NLO calculation, Chirilli-Xiao-Yuan, PRL12, PRD12)  



When small-x meets spin: Single spin 
asymmetry in forward pA collisions  
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